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a b s t r a c t 
In this paper we compare the simulated Arctic Ocean in 15 global ocean–sea ice models in the framework 
of the Coordinated Ocean-ice Reference Experiments, phase II (CORE-II). Most of these models are the 
ocean and sea-ice components of the coupled climate models used in the Coupled Model Intercomparison 
Project Phase 5 (CMIP5) experiments. We mainly focus on the hydrography of the Arctic interior, the 
state of Atlantic Water layer and heat and volume transports at the gateways of the Davis Strait, the 
Bering Strait, the Fram Strait and the Barents Sea Opening. We found that there is a large spread in 
temperature in the Arctic Ocean between the models, and generally large differences compared to the 
observed temperature at intermediate depths. Warm bias models have a strong temperature anomaly of 
inﬂow of the Atlantic Water entering the Arctic Ocean through the Fram Strait. Another process that is 
not represented accurately in the CORE-II models is the formation of cold and dense water, originating on 
the eastern shelves. In the cold bias models, excessive cold water forms in the Barents Sea and spreads 
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A1. Introduction 
The Arctic Basin has traditionally been considered as slowly ad-
justing to long-term variations in the local atmospheric forcing or
the input of Atlantic Water (AW) through the Fram Strait and the
Barents Sea Opening and Paciﬁc Water (PW) through the Bering
Strait (e.g., Rudels, 1987, 2015 ). Observations of hydrography, cir-
culation and sea ice cover during the recent decades show, how-
ever, a highly dynamic ocean basin ( Polyak et al., 2010; Polyakov
et al., 2012; Haine et al., 2015 ). These changes directly inﬂuence
the coastal geography and the human settlements, infrastructures,
transportation and exploitation of natural resources in the Arc-
tic, in addition to altering the marine and terrestrial ecosystems,
including ﬁsheries and the cycling of carbon (e.g., ACIA, 2005 ;
Hinzman et al., 2013) . 
Through the sustained poleward transport of atmospheric heat
and moisture, the climate of the Arctic is highly inﬂuenced by the
climate at lower latitudes. Dickson et al. (20 0 0) described the ef-
fect of the North Atlantic Oscillation (NAO) on the Arctic region.
Positive NAO phase increases the amount and temperature of the
AW inﬂow to the Arctic Ocean via the Fram Strait and the Bar-
ents Sea. The extent to which changes in the Arctic are already
inﬂuencing lower latitudes is, however, being debated with some-
what conﬂicting views (e.g., Blüthgen et al., 2012; Cohen et al.,
2014; Mori et al., 2014; Wallace et al., 2014 ). Irrespective of these
discussions, there are potentially severe consequences of an Arc-
tic region in transition, notably related to the formation of a part
of the deep water masses of the Atlantic Thermohaline Circulation
( Eldevik and Nilsen, 2013 ), large-scale changes in the atmospheric
circulation (e.g., Kug et al., 2015 ), accelerated melting of the Green-
land ice sheet (e.g. Applegate et al., 2014; Koenig et al., 2014 ), and
thawing of the extensive permafrost regions bordering the Arctic
Ocean (e.g. O’Connor et al., 2010 ). 
Robust assessments of naturally occurring variations and long-
term changes in the climate of the Arctic require a diversity of
thoroughly tested and veriﬁed climate models. The complexity
– and to some extent uniqueness – of physical and thermody-
namic processes taking place in the Arctic Ocean, coupled with
the sparseness of long-term observations, make modeling the Arc-
tic Ocean a challenging task. This is, as an example, exempliﬁed by
the large model spread in sea ice extent and thickness simulated
by the state-of-the-art global climate models ( Flato et al., 2013 ).
The potential for interannual to decadal predictability of the Arctic
climate is also heavily inﬂuenced – and likely restricted – by the
sparsity of available observations, the complexity of the region, and
the rapid, large-scale changes taking place. 
For more than a decade, the Arctic Ocean Model Intercompari-
son Project (AOMIP; Proshutinsky and Kowalik, 2007 ; Proshutinsky
et al., 2011) and its continuation named the Forum for Arctic
Modeling and Observational Synthesis (FAMOS, http://www.whoi.
edu/projects/famos/ ), have identiﬁed and analyzed systematic er-
rors and subsequently improved Ocean General Circulation Mod-
els (OGCMs) for the Arctic Ocean. The model runs done in AOMIPhe St. Anna Through. There is a large spread in the simulated mean heat
 the Fram Strait and the Barents Sea Opening. The models agree more on
e degree dictated by the common atmospheric forcing. We conclude that
us to understand the crucial biases in the Arctic Ocean. The current coarse
n models need to be improved in accurate representation of the Atlantic
d density currents coming from the shelves. 
© 2016 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ).
ere mostly performed with uncoordinated atmospheric forcing
nd with varying model set-up, model domains and model physics
e.g. Jahn et al., 2012) . The spin-up and model integration time
ere generally short, typically lasting for less than a century,
ainly because of the use of regional model domains with pre-
cribed boundary conditions. The scientiﬁc outcome of AOMIP has
evertheless been substantial, with model improvements being im-
lemented in global-scale OGCMs. 
In this and two accompanying papers ( Wang et al., 2016a;
016b ), the hydrography, liquid and solid fresh water budgets, and
he volume and heat transports into and out of the Arctic Ocean
re examined in global-scale, state-of-the-art OGCMs by applying
he Coordinated Ocean-ice Reference Experiments (CORE-II) inter-
nnual forcing protocol ( Griﬃes et al., 2009, 2012 ). In addition to a
ommon forcing protocol, all of the models in CORE-II are run for
00 years or more. Fifteen models are included in the presented
nalysis, including level (geopotential), isopycnic (density) and hy-
rid coordinate models. In the analysis presented here, we focus
rimarily on two aspects: (i) the mean ocean state for the period
978–2007; and (ii) the temporal evolution of the volume and heat
uxes into the Arctic Ocean from the Fram Strait, the Davis Strait,
he Bering Strait and the Barents Sea. 
In earlier modeling studies, Holloway et al. (2007) and Karcher
t al. (2007) documented a rather wide scatter in the simulated
ydrography in the AOMIP-models. One of their central ﬁnding
as that most models simulated a progressive thickening of the
ub-surface Atlantic Layer. It was speculated that numerical mix-
ng caused by the advection operator might be the reason for this
odel bias. Holloway et al. (2007) tested the second order mo-
ent method of Prather, 1986 and obtained an improved repre-
entation of the Atlantic Inﬂow Water. Ten years later, we ﬁnd that
tate-of-the-art global ocean models still suffer from a deepening
f the AW. We also ﬁnd that exchange processes and gravity cur-
ents along the western Arctic shelf breaks are other crucial prob-
ems in the current generation of global-scale OGCMs. 
The paper is organized as follows: a summary of the water
asses and circulation in the Arctic Ocean is given in Section 3 .
he models analyzed and the CORE-II surface forcing are brieﬂy
escribed in Section 4 . We explain main biases on the hydrogra-
hy with particular focus on the AW layer in the Arctic Ocean in
ection 5 . We summarize our conclusions and provide some dis-
ussions in Section 6 . 
. Background 
With an averaged depth of 1038 m and an area of 14.06 ×
0 6 km 2 , the Arctic Ocean is the smallest and shallowest of the ﬁve
cean basins. The ocean is enclosed by the Eurasian and the North
merican landmasses ( Fig. 1 ), it is connected with the Nordic Seas
hrough the Fram Strait and the Barents Sea Opening, and with the
aciﬁc Ocean through the Bering Strait. The Arctic Ocean is also
onnected to the Labrador Sea through the straits of the Canadian
rctic Archipelago. 
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Fig. 1. Arctic Ocean bottom topography [m] from ETOPO2v2 dataset ( http://www. 
ngdc.noaa.gov/mgg/ﬂiers/06mgg01.html ). Four different sections are shown in ma- 
genta; (i) a section along 70 °E – North Pole – 110 °W (S1), (ii) a section along the 
pathway of the AW through the Fram Strait (S2), (iii) the Fram Strait section (FS), 
and (iv) the southern Barents Sea Opening section (BSO). The Eurasian and the 
Canadian Basins are outlined in green and red lines, respectively. YP is the Yer- 
mak Plateau and CAA is the Canadian Arctic Archipelago. (For interpretation of the 
references to color in this ﬁgure legend, the reader is referred to the web version 
of this article.) 
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a  The Arctic Ocean is mainly covered by sea ice in winter but
ith more than half of the area ice-free during the permanently
unlit summer season. Exchanges of water masses take place
hrough the narrow and shallow Bering Strait ( +0 . 8 Sv, where
 Sv = 10 6 m 3 s −1 ; positive transport values imply net transport
nto the Arctic, Roach et al., 1995; Woodgate and Aagaard, 2005 ),
hrough the relatively deep Fram Strait ( −2 ± 2 . 7 Sv, Schauer et al.,
008 ), through the shallow and wide Barents Sea Opening ( + 2 Sv,
kagseth et al., 2008 ), and through several narrow openings in the
anadian Archipelago (about −1.6 Sv, Curry et al., 2014 ). An addi-
ional river input of about +0 . 1 Sv ( McClelland et al., 2006 ) feeds
resh water into the basin. 
Arctic Ocean is a deep basin with extensive continental shelves,
otably along the European and the Siberian coasts. The basin
s split into three sub-basins by the Lomonosov Ridge extend-
ng from North Greenland across the North Pole to Siberia, and
he Mendeleev Ridge on the Paciﬁc side of the Lomonosov Ridge.
he three ocean sub-basins are named, in order from the Euro-
ean coast and with typical depths indicated, the Eurasian Basin
40 0 0–450 0 m; green outline in Fig. 1 ), the Makarov Basin (20 0 0–
500 m), and the Canadian Basin (3000–3500 m; red outline in
ig. 1 ). 
The Arctic Ocean modeling is challenging in several aspects
 Rudels, 2012 ). The ocean circulation is complex with a small
ossby deformation radius due to its high latitude and, for shelf
nd sub-surface waters, relatively weak stratiﬁcation ( Nurser and
acon, 2014 ). Formation and melting of sea ice, leading to ex-
hange of salt and freshwater at different locations due to sea
ce transport, are commonly found in the region. The formation
f sea ice leads to cascading, dense brine-enriched waters off the
helves, linking the surface with the abyss ( Midttun, 1985; Blind-
eim, 1989; Skogseth et al., 2005 ). Furthermore, the Arctic Ocean
eceives large amounts of fresh water from the neighboring land
asses, and particularly the Eurasian rivers ( Peterson et al., 2002;hang et al., 2013 ) contribute to a thick near-surface halocline
 Steele and Boyd, 1998; Haine et al., 2015 ). Another critical process
s the subduction of relatively warm and saline AW in and near
he Fram Strait ( Mauritzen, 1996; Price, 2001 ), contributing to the
rominent layering of water masses in the upper part of the water
olumn. 
For detailed assessment of observed and modeled liquid and
olid fresh water budgets, the readers are referred to Haine et al.
2015) and ( Wang et al., 2016a; 2016b ). 
. Description of observed Arctic Water masses and their 
athways 
In the following, the major water masses and their pathways in
he Arctic Ocean are described based on annual ﬁelds derived from
he PHC3.0 climatology ( Steele et al., 2001 ). Although observation-
ased, one should remember that biases in the seasonal and geo-
raphical sampling of the water masses in the region may lead to
n overly smooth temperature distribution, particularly on or near
he ocean shelves and in the vicinity of sea ice. Four distinctive wa-
er masses are found in the Arctic (e.g., Jones, 2001; Rudels et al.,
013; Pemberton et al., 2015 ): at top, the Polar Mixed Layer (PML)
s found. Below the PML and above the deeper warm AW, the Up-
er Polar Deep Water is located. Then the warm and (relatively)
aline AW is found. And ﬁnally, the bottom deep water (depth >
500 m) resides below the AW. 
The relatively warm continuation of the North Atlantic cur-
ent ﬂows northward along the Norwegian coast as the Norwegian
tlantic Current (NwAC), consisting of a western and an eastern
ranch ( Orvik, 2002 ). When approaching the Barents Sea Opening,
he eastern branch of NwAC bifurcates with one branch ﬂowing
owards the Fram Strait and the other branch entering the Barents
ea (red color in Fig. 2 ). The Atlantic Water that enters the Bar-
nts Sea densiﬁes due to loss of heat and release of salt during
ea ice formation. This dense shelf water ﬂows into the Arctic inte-
ior through numerous submarine valleys with the St. Anna Trough
magenta in Fig. 2 ) being the most prominent. 
The western branch of the NwAC and the remainder of the east-
rn NwAC branch continues towards the Fram Strait where a por-
ion of AW turns south and recirculates in the Nordic Seas. The
emainder enters the Arctic Ocean through the Fram Strait where
he AW encounters the polar front of cold and fresh Arctic sur-
ace water, with the AW subducting into a sub-surface current (or-
nge and green colors in Fig. 2 ) in the Eurasian basin. Observa-
ions show that the inﬂows of AW from the Nordic Seas to the
rctic Ocean through the Barents Sea and the Fram Strait are com-
arable in magnitude with a value of approximately 2 Sv ( Rudels,
987; Jones, 2001; Schauer et al., 2008 ). The Paciﬁc water enters
he Arctic Ocean through the shallow Bering Strait ( ≈0.8 Sv, Roach
t al., 1995; Woodgate and Aagaard, 2005 ) and leaves the basin
hrough the Fram Strait and the Canadian Archipelago ( ≈ −1 . 6 Sv,
urry et al., 2014 ). 
. Models descriptions 
Fifteen models are used in the analysis, of which thirteen are
escribed in the ﬁrst CORE-II paper addressing the mean state of
he North Atlantic ( Danabasoglu et al., 2014 ). Most of the model
etails are given in that paper and are not repeated here. The mod-
ls are listed in Table 1 together with the groups operating the
odels and the basic model information. 
The analyzed models are based on three classes of vertical dis-
retizations, the commonly used level or geopotential ( z and z ∗)
oordinate models, isopycnic ( σ ) coordinate models, and hybrid
oordinate models. In the Arctic Ocean, where air–sea–ice inter-
ctions, subduction of a boundary current, dense waters on the
144 M. Ilıcak et al. / Ocean Modelling 100 (2016) 141–161 
Table 1 
Summary of the participating models in alphabetical order. z refers to geopotential, vertical coordinate, z ∗
means z -star which is for rescaled geopotential coordinate, and σ 2 refers to isopycnic, vertical coordinate 
(the latter relative to a pressure at 20 0 0 dbar). 
Group Ocean model Horiz. res. Grid Vertical coordinate Sea-ice model 
AWI FESOM 1.4 Nominal 1 ° Bipolar z FESIM 
BERGEN NorESM-O Nominal 1 ° Tripolar σ 2 CICE 4 
CERFACS NEMO3.2 Nominal 1 ° Tripolar z LIM 2 
CMCC NEMO3.3 Nominal 1 ° Tripolar z CMCC 4 
CNRM NEMO3.2 Nominal 1 ° Tripolar z Gelato 5 
FSU-HYCOM HYCOM2.2.21 Nominal 1 ° Bipolar Hybrid CSIM 5 
FSU-HYCOMv2 HYCOM2.2.74 Nominal 0.72 ° Tripolar Hybrid CICE 4 
GFDL-GOLD GOLD Nominal 1 ° Tripolar σ 2 SIS1 
GFDL-MOM MOM4p1 Nominal 1 ° Tripolar z ∗ SIS1 
Kiel-ORCA05 NEMO3.1.1 Nominal 0.5 ° Tripolar z LIM 2 
MOM0.25 MOM5 Nominal 0.25 ° Tripolar z ∗ SIS1 
MRI-A MRI.COM 3 1 ° × 0.5 ° Tripolar z MK89; CICE 
MRI-F MRI.COM 3 1 ° × 0.5 ° Tripolar z MK89; CICE 
NCAR POP 2 Nominal 1 ° Bipolar z CICE 4 
NOC NEMO3.4 Nominal 1 ° Tripolar z LIM 2 
Fig. 2. Schematic of the main water masses of Atlantic origin in the Arctic Ocean 
using the PHC3.0 climatological data set. Red color represent water masses with a 
temperature of about 3 °C, representing ﬂow of AW into the Barents Sea. Orange 
color represents the AW that subducts in or near the Fram Strait with a temper- 
ature of around 2.4 °C. Green color denotes the core of the Atlantic Inﬂow in the 
Eurasian Basin with a temperature of ≈1.4 °C. Magenta color is the cold deep water 
masses with a temperature of ≈ −1 . 5 ◦C, ﬂowing down the St. Anna Trough. (For 
interpretation of the references to color in this ﬁgure legend, the reader is referred 
to the web version of this article.) 
 
 
 
 
 
 
 
 
t  
C
v  
a
 
o  
s  
e  
o  
p
 
F  
p  
d  
m  
t  
d  
m  
t
 
C  
a  
s  
d  
d  
d  
v  
w  
t  
c
 
t  
C  
c  
T  
u  
P  
o  
t  
K  
r
 
f  
e  
t  
ashelves and brine process are all crucial factors, the vertical rep-
resentation and parameterization of these processes are also likely
to be an important aspect in the simulated mean state. 
The two models not included in Danabasoglu et al. (2014) are
the global 0.25 ° MOM model and a newer version of HYCOM
conﬁgured on a tripolar grid. The former is simply a ﬁner reso-
lution version of the 1 degree GFDL-MOM used in Danabasoglu
et al. (2014) . The higher resolution MOM might give us informa-
tion about particular processes such as isopycnic mixing parame-erization which is turned off in this model version. The new HY-
OM ocean model employs a tripolar grid of ﬁner resolution (0.72 °
s. 1 °) and it advects temperature and salinity rather than density
nd salinity compared to FSU-HYCOM. 
As discussed by Griﬃes et al. (2009) , ocean-ice models with-
ut a coupled, interactive atmosphere have to employ sea surface
alinity restoring. The FSU-HYCOMv2 model coupled to CICE v4.0
mploys a surface salinity restoring with a piston velocity of 50 m
ver 4 years everywhere except for the Antarctic region where the
iston velocity is 50 m over 6 months. 
The only unstructured-mesh model in the analysis is AWI-
ESOM which is conﬁgured with a lateral resolution that is com-
arable to the majority of the other participating models. Seven
ifferent sea ice models are used in the 15 models. There are two
odels that modiﬁed their ocean physics speciﬁcally in the Arc-
ic Ocean. These models are the BERGEN model where background
iapycnic mixing is reduced to 10 −6 m 2 s −1 and the Kiel-ORCA05
odel where the salinity restoring is turned off under sea ice in
he Arctic Ocean. 
The analysis performed for the Arctic highlighted a bug in the
ERFACS NEMO model. The NEMO grid is folded at the North Pole
long a grid line extending from Canada to Asia at 78 °W. On this
peciﬁc grid line, the wind forcing ﬁelds need to be rotated in or-
er to correspond to the local grid coordinates. This is not correctly
one in the CERFACS simulation leading to spurious signals in ice
ynamical ﬁelds. After having checked that the forcing error has a
ery local imprint and because the CERFACS results compare very
ell with all other diagnostics in the rest of the paper, we consider
hat it is still meaningful to keep CERFACS results in the current
ompilation. 
All models except MRI-A are run for 300 years, corresponding
o 5 repeated cycles of the 60-year forcing period following the
ORE-II protocol ( Griﬃes et al., 2012; Danabasoglu et al., 2014 ),
overing the years from 1948 to 2007 ( Large and Yeager, 2009 ).
he ocean models are initialized with zero velocities and the Jan-
ary mean climatological temperature and salinity ﬁelds from the
olar Science Center Hydrographic Climatology (PHC3; a blending
f the Levitus et al., 1998 data set with modiﬁcations in the Arc-
ic Ocean based on Steele et al., 2001 ). The NCAR, FSU-HYCOM,
iel-ORCA05, NOC, and FSU-HYCOMv2 models use, however, PHC2
ather than PHC3 for their initial hydrography. 
The sea-ice models are initialized from sea ice states obtained
rom previous ocean sea ice coupled simulations ( Danabasoglu
t al., 2014 ). Typically, semi-equilibrium states are obtained after
wo model cycles in terms of both the Arctic Ocean sea ice state
nd the sea ice export ﬂuxes (Q. Wang, personal communication). 
M. Ilıcak et al. / Ocean Modelling 100 (2016) 141–161 145 
Fig. 3. (a) Map of the PHC3.0 climatology temperature ﬁeld [ °C] at z = 5 m. (b) MMM is the multi model mean of the temperature ﬁeld, excluding the MRI-A model. (c–s) 
are maps of the time mean temperature ﬁeld biases of different CORE-II models and MMM from PHC3.0. Colorbar 1 is for (a) and (b). Colorbar 2 is for (c–s). 
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l  The MRI-A assimilation model was run for 70 years starting
rom model year 231 of the MRI-F integration. The ﬁrst 10 years
re treated as spin-up and the remaining 60 years (associated with
he period of CORE-II forcing) are used for the analysis. 
Wang et al., 2016a; 2016b showed that most model simulations
re equilibrated in the Arctic Ocean in terms of liquid fresh water
ontent and total fresh water transport from the Arctic Ocean to
he North Atlantic. All time mean results used in here are averaged
ver the last 30 years of the model simulations, corresponding to
alendar years 1978–2007 of the ﬁfth cycle. In this way, the in-
vitable adjustments in the simulated ocean properties during the
rst decades after the start of the model cycle in 1948 are small
nd likely negligible to the analyzed variations and patterns ( He
t al., 2016 ). 
Although the presented model runs are forced by CORE-II, we
o not advocate that CORE-II is better or worse than other avail-
ble reanalysis products, neither on global scale or for the high,
orthern latitudes. There are some studies not published yet which
ompares different atmospheric datasets, but as of now the relia-
ility of available reanalysis products is still an open research ques-
ion (S. Yeager, personal communication). 
. Results 
In this section, the basic features of the temperature and salin-
ty ﬁelds and the associated biases are examined. Thereafter, time
eries of the heat and volume transports at the four gateways of
he Arctic Ocean – the Bering Strait, the Davis Strait, the Fram
trait, and the Barents Sea Opening – are presented. The multi
odel mean (MMM) ﬁelds are computed from all but MRI-A,
ielding a total of fourteen models. Because of the data assimila-
ion used in MRI-A, discussions about this model is mainly pre-
ented in Section 5.4 . .1. Arctic ocean temperature and salinity bias patterns 
The PHC3.0 climatology and MMM of the temperature ﬁelds at
 m depth are shown in Fig. 3 (a) and (b), respectively. The most
oticeable features are the warm AW entering the Eurasian Basin
f the Arctic Ocean through inﬂow at the Fram Strait and the Bar-
nts Opening and likewise, but to a lesser degree, warm PW enter-
ng the Arctic Ocean through the Bering Strait, and the cold central
rctic Ocean. 
Fig. 3 (c)–(r) shows horizontal maps of time averaged temper-
ture ﬁeld biases relative to PHC3.0 at 5 m depth. Regular tem-
erature ﬁelds are available in the supplementary material. Largest
emperature biases are found near the periphery of the Arctic
cean. All of the CORE-II models have a cold bias in the Chukchi
ea, and most of the models are anomalously cold in the Cana-
ian Basin as well. Towards the Atlantic Ocean, AWI-FESOM, CER-
ACS, CMCC, Kiel-ORCA05, MRI-F, NCAR, MOM-0.25 and NOC share
 dipole temperature pattern in the Fram Strait and south-west of
valbard, with a warm bias at north and a cold bias at south. In
ddition to this feature, all but MOM-0.25 and MRI-A have cold bi-
ses in the Nordic Seas, and most of the models are cold in the
arents Sea as well. 
Fig. 4 (c)–(f) provides horizontal maps of time averaged tem-
erature biases at 400 m depth, which is close to the core of the
arm AW in the Arctic interior. As a reference, the PHC3.0 clima-
ology temperature ﬁeld at 400 m depth is shown in Fig. 4 (a) and
he corresponding MMM is shown in Fig. 4 (b). 
The PHC3.0 climatological temperature shows warm AW enter-
ng the Arctic Ocean through the Fram Strait, the only peripheral
pening at this depth (see FS in Fig. 1 ).The signature of the AW
radually diminishes along its eastbound trajectory in the Eurasian
asin (green outline in Fig. 1 ). On average, the temperature at this
epth in the Canadian Basin (red outline in Fig. 1 ) is 1 °C be-
ow that in the Eurasian Basin. The St. Anna Trough region can be
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Fig. 4. The same as Fig. 3 but for z = 400 m. 
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N  identiﬁed from anomalously low-temperature waters. At this loca-
tion cold and dense water masses from the shallow Barents and
Kara Seas feed into the interior of the Arctic Ocean at intermediate
depths ( Jones, 2001; Rudels et al., 2013 ). 
The multi model mean temperature ﬁeld at 400 m ( Fig. 4 (b))
shows a wider and colder inﬂow of AW compared to PHC3.0. In
addition, the AW signal disappears rapidly in MMM compared to
that in PHC. There is also an overall cold bias in the Arctic interior
in MMM. Only four of the models show basin-scale, positive tem-
perature anomalies (MOM-0.25, MRI-A, NCAR and FSU-HYCOM). 
As indicated by Fig. 4 (p), the warm, basin-scale bias in NCAR
is caused by the excessively warm AW in the Spitzbergen Current
west of Svalbard (see below). NCAR has also insuﬃcient amount
of cold water entering the Arctic Ocean from the St. Anna Trough.
A similar type of bias is also present in the coupled CESM simula-
tions which use the same ocean model as in the NCAR contribution
here ( Danabasoglu et al., 2012 ). 
The model closest to NCAR is the quarter degree MOM-0.25
model ( Fig. 4 (m)). MOM-0.25 has a pronounced warm anomaly in
the the West Spitzbergen Current. MOM-0.25 shows indication of
recirculation in the Fram Strait, likely caused by the higher reso-
lution compared to the other models. The temperature anomaly at
the outlet of the St. Anna Trough shows that this model has an
outﬂow here, albeit of higher temperature than in climatology (see
the original ﬁeld in the supplementary material). An anomalously
warm Nordic Seas is also seen in MRI-F. For the latter, the warm
AW does only partly enter the Arctic Ocean. 
The CNRM and CERFACS models are identical except for the
horizontal eddy viscosity values (1 × 10 4 m 2 s −1 in CNRM and 2
× 10 4 m 2 s −1 in CERFACS) and the sea ice components; CERFACS
uses LIM2 and CNRM uses Gelato5 ( Danabasoglu et al., 2014 ). De-
spite the similarities, CNRM is considerably colder than CERFACS
in the Arctic Ocean ( Fig. 4 (g) and (e)). The two models have also
different tem perature biases in the Nordic Seas, with CNRM close
to but CERFACS warmer than PHC3.0. Dedicated numerical simula-ions are required to identify the underlying reasons for the differ-
nces in the simulated CNRM and CERFACS ﬁelds. Such a compar-
son is beyond the scope of this paper, but one can speculate that
he different sea-ice models may inﬂuence the water mass trans-
ormation under and close to the sea-ice, whereas differences in
he horizontal viscosity may inﬂuence the inﬂow of heat and salt
nto the Nordic Seas, including into the Barents Sea, and thus alter
he water mass transformation formation rates on the shelves. 
The two isopycnic coordinate ocean models BERGEN and GFDL-
OLD show prominent, cold biases in the Arctic Ocean, with
argest deviations from climatology downstream of the St. Anna
hrough outﬂow ( Fig. 4 (d) and (j)). Examination of the evolution
f the temperature ﬁeld at 400 m depth in the different models
see the supplementary material) shows that all models with cold
iases in the Central Arctic have excessive cold water spilling into
he Arctic Ocean through the St. Anna Trough. Over time, the cold
aters from the St. Anna Trough occupy the 400 m depth hori-
on in the Arctic interior. Other models which have a cold bias at
00 m are Kiel-ORCA05, FSU-HYCOM and CMCC. AWI-FESOM is ar-
uably the model simulating the inﬂow of warm AW to the Arctic
cean at this depth horizon closest to the observed climatology. 
The PHC3.0 and MMM salinity ﬁelds at 5 m depth are shown in
ig. 5 (a) and (b), respectively. The relatively salty inﬂow of PW is
een in the Bering Strait and in the shallow Chukchi Sea, whereas
igh-salinity waters of Atlantic origin are found in the Barents Sea,
nd in most of the Kara Sea and the Eurasian Basin. Low-salinity
aters are clearly seen on the Eurasian shelves, mainly fed by river
unoff. Within the applied contour interval, there is a fair agree-
ent between the climatological and MMM salinity ﬁelds. But as
or temperature, there are variations between the individual model
ealizations. 
Fig. 5 (c)–(r) shows horizontal maps of time averaged salin-
ty biases at 5 m depth for all of the models relative to PHC3.0.
ERFACS, CNRM, FSU-HYCOM, FSU-HYCOMv2, Kiel-ORCA05, MRI-A,
CAR and NOC show all positive biases on the eastern shelves of
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Fig. 5. Map of the PHC3.0 climatology salinity ﬁeld [ °C] at z = 5 m. (b) MMM is the multi model mean of the salinity ﬁeld, excludingthe MRI-A model. (c–s) are maps of 
the time mean salinity ﬁeld biases of different CORE-II models and MMM from PHC3.0. Colorbar 1 is for (a) and (b). Colorbar 2 is for (c–s). 
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ahe Arctic Ocean. All models but MOM-0.25 and MRI-A shows posi-
ive biases in the Canadian Basin. MRI-A, has a bias of 1–2 psu due
o use of inadequate error statistics for assimilating coastal data,
hich is a problem speciﬁc to the data assimilation scheme. 
Fig. 6 shows horizontal maps of time averaged salinity biases
t 400 m depth. The PHC3.0 climatology ﬁeld ( Fig. 6 (a)) shows a
radually disappearing high-salinity signature as the AW propa-
ates into the Arctic interior. All models but MRI-A have a fresh
ias in the Canadian Basin, with the MRI-F, GFDL-GOLD, CMCC,
OC and FSU-HYCOM showing the largest bias in this region.
he NCAR, GFDL-MOM and MOM-0.25 models are comparable and
lose to the climatological value in the Eurasian Basin. 
.2. Vertical structure 
Horizontally averaged temperature proﬁles for the Eurasian and
he Canadian Basins are shown in Fig. 7 (a) and (b), with the
HC3.0 climatology in dashed lines. A relatively warm core is evi-
ent in the PHC3.0 climatology between 200 and 400 m depth in
he Eurasian Basin and 40 0–60 0 m depth in the Canadian Basin,
epresenting the core of AW in the Arctic interior. The models can
e grouped into three classes based on the character of the tem-
erature biases in the Eurasian Basin ( Fig. 7 (a)): (i) those with
arm biases below the core of AW (depth interval 50 0–250 0 m),
ii) those with cold biases at the core depth of AW and also be-
ow 2500 m, and (iii) the remaining models with a cold bias at the
epth of AW. 
The models belonging to the warm group (i) are NCAR, GFDL-
OM, FSU-HYCOM, FSU-HYCOMv2, MRI-F, and MOM-0.25. These
odels are roughly 1 °C or more warmer than the observed tem-
erature between 600 and 3000 m. The warm bias might be
ue to too warm AW and/or lack of dense water formation on
he Barents/Kara/Siberian shelves and the subsequent spreading of
hese cold water masses. In addition, spurious vertical diffusion ineopotential coordinate models tends to give too strong vertical
iffusion of heat in the Arctic Ocean ( Griﬃes et al., 20 0 0; Holloway
t al., 2007; Ilıcak et al., 2012 ), an issue that should be assessed in
etail but that has not been analyzed in the present study. 
The cold biased models in group (ii) are CNRM, BERGEN, and
FDL-GOLD. These models suffer from relatively cold AW and ex-
essive cold water exported through the St. Anna Trough. It is im-
ortant to note that isopycnic models have to rely on explicitly
rescribed vertical mixing parameterizations, since they have weak
purious numerical mixing ( Ilıcak et al., 2012 ). Thus, lack of pa-
ameterized physics in the vertical mixing process and/or for the
escription of exchanges of water masses between the shelves and
eep basins may be crucial factors in the BERGEN and the GFDL-
OLD simulations. 
The interaction between the ocean and sea ice components and
he effect of horizontal viscosity is another important factor to
onsider, exempliﬁed by the excessive cold bias seen in CNRM but
ot in CERFACS, differing in the horizontal viscosity values and the
hoice of the sea ice model. 
The third model group contains AWI-FESOM and the NEMO-
ased models Kiel-ORCA05, NOC, CMCC, and CERFACS. These mod-
ls have all cold biases between 300 and 800 m in the Eurasia
asin. The cold bias extends deeper – to depths around 20 0 0 m –
n the Canadian Basin which receives heat from the Eurasian Basin.
he latter might be due to either vertical mixing of the cold bias
nomaly coming from the Eurasian Basin and/or simply too weak
dvection of heat from the Eurasian Basin. The intermediate reso-
ution Kiel-ORCA05 model does not show any signiﬁcant improve-
ent in comparison with the other NEMO-based models, likely be-
ause the core of AW is not well simulated in this model group, see
ig. 4 . 
The AWI-FESOM model has overall the most realistic vertical
tructure albeit with a slightly too cold and too deep core of AW
nd some warm biases between 500 and 2000 m. 
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Fig. 6. The same as Fig. 3 but for z = 400 m. 
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iFig. 7 (c) and (d) displays horizontally averaged salinity bias
proﬁles in the Eurasian and Canadian Basins. In the Eurasian basin
below 50 m, all models but MRI-A and NOC are fresher than
the observed climatology. The NCAR model has a positive salinity
anomaly between 350 m and 20 0 0 m, which is probably due to the
Atlantic inﬂow since the NCAR has a pronounced AW signature at
similar depths. 
For the rest of the models, there is a strong negative bias be-
tween 50 m and 400 m (approximately at the core depth of AW).
One possible reason for the negative salinity bias in the upper
ocean is the parameterization of brine formation and the descent
of high-salinity water masses into the interior of the Arctic Ocean,
coupled to transport and mixing process. Most of the current pa-
rameterizations put salt that is released during sea ice formation at
the surface rather than distributing it in the water column. Nguyen
et al. (2009) found that this approach leads to excessive vertical
mixing, and that it may destroy the steep salinity gradient asso-
ciated with the halocline. In the Canadian Basin, all models have
positive biases in the upper 75 m. Likewise, all CORE-II models ex-
cept MRI-A and NCAR, have negative biases below 500 m. 
The above ﬁndings indicate that weak (strong) inﬂow of AW
and strong (weak) water mass conversion in the Barents and Kara
Seas are the main factors for large-scale negative (positive) temper-
ature (and possibly salinity) biases in the Arctic Ocean. To further
elaborate on this, the vertical distribution of observed and simu-
lated temperature, extending from the Kara Sea via the St. Anna
Trough and across the North Pole to the Canadian Archipelago
(from 70 °E to 110 °W; see Section S1 in Fig. 1 ), is presented in
Fig. 8 . 
In the PHC3.0 climatology ( Fig. 8 (a)), the warm AW is mainly
conﬁned to the depth range 20 0–10 0 0 m in the interior of the
basin. Above the warm AW, a cold and shallow halocline (not
shown) at 150–200 m depth is evident across the Arctic Ocean. The
cold water in the St. Anna Trough (rightmost arrow in Fig. 8 (a))artly feeds the upper halocline and partly sinks and ventilates the
eeper portions of the Arctic basin. 
In NCAR, AW is much more extensive and much warmer than in
he PHC3.0 climatology ( Fig. 8 (o)). In this case, absence of cold wa-
er transformation in the Barents/Kara Seas is clearly visible at the
osition of the St. Anna Trough, with a simulated temperature 2 °C
igher than in the observations. The GFDL-MOM model has much
eeper AW than in the observations ( Fig. 8 (j)), but with some cold
ater on the eastern portion of the Kara shelf. The free run of the
RI model suffers from a warm bias below 600 m in the Arctic
nterior ( Fig. 8 (n)) in a manner comparable to that in GFDL-MOM. 
The NEMO-based models perform similarly except for the
NRM model, the latter showing hardly any AW at all. The NOC
nd AWI-FESOM models are both favorable in terms of posi-
ion and amplitude of the AW. There is a strong warm anomaly
hroughout the Arctic Ocean in the other warm bias FSU-HYCOM,
SU-HYCOMv2, and MOM-0.25 models ( Fig. 8 (g), (h) and (l)). In
he former, heat penetrates all the way to the deepest portions
f the Eurasian Basin. The BERGEN and GFDL-GOLD models have
omewhat realistic vertical structures in the deep interior of the
asin, but with a far too weak core of the AW. Cold, dense water
inks and accumulates in the Eurasian abyss (below 40 0 0 m) in
he GFDL-GOLD model. 
Vertical sections of temperature along the main path of the
tlantic Inﬂow, see section S2 in Fig. 1 , are presented in Fig. 9 .
bserved temperature shows a gradual cooling of the inﬂowing
W, and that the AW subducts below the upper (fresh) surface
ater just north of the Fram Strait (the leftmost arrow in Fig. 9 (a)).
ntrusions of two low-temperature water masses are seen north
f the Fram Strait. The location of the ﬁrst deep ( > 1500 m),
old water mass intrusion is found east of the Yermak Plateau
at about x = 1700 km), whereas the second intrusion is at the
xit of the St. Anna Trough ( x = 2450 km, at the rightmost arrow
n Fig. 9 (a)). 
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Fig. 7. Horizontally averaged vertical temperature proﬁles in the (a) Eurasian Basin and (b) the Canadian Basin. Horizontally averaged vertical salinity bias proﬁles in the (c) 
Eurasian Basin and (d) the Canadian Basin. The scales of mean salinity ﬁeld of PHC3.0 (dashed lines) are at the top of (c) and (d). The biases are computed by subtracting 
PHC3.0 salinity proﬁle from the model data and the scales of anomalies are shown at the bottom of the ﬁgures. Note that vertical axis is stretched in the upper 500 m in 
(c) and (d). 
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C  For the majority of models, AW subducts just before or at the
ram Strait (close to x = 1200 km). Exceptions are the MRI-A and
OM-0.25 models, where subduction occurs just north of the Fram
trait ( x ≈1500 km). The subduction phenomena is linked to many
rocesses ( Price, 2001 ) that need to be parameterized in the rather
oarse resolution models taking part in this study. Accurate mod-
ling of the subduction processes would likely require higher res-
lution models with a realistic representation of the varying thick-
ess of the seasonal mixed layer depth, eddy mixing along local
eutral surfaces, eddy restratiﬁcation of density fronts ( Gent and
cWilliams, 1990; Marshall, 1997 ), and eddy-topography interac-
ions ( Holloway et al., 2007 ). 
A prominent feature in most models is an Atlantic layer ex-
ending too deep compared to the PHC3.0 climatology at the Fram
trait. This feature is particular evident in the NCAR, GFDL-MOM,
SU-HYCOM and FSU-HYCOMv2 models. Cold sub-surface waters T  riginating from the St. Anna Trough are visible in the two isopy-
nic models BERGEN and GFDL-GOLD (at about x = 2500 km), and
ossibly in CNRM above 10 0 0 m and in NOC at a depth of about
500 m. In CERFACS, GFDL-MOM, AWI-FESOM, MRI-F, Kiel-ORCA05,
MCC and FSU-HYCOM the temperature signal of the AW is sub-
tantially weakened after the St. Anna Trough. It could be that cold
helf water is indeed blending with the AW in these models but in
 more vertically homogeneous manner than BERGEN, GFDL-GOLD,
NRM and NOC. 
.3. March mixed layer depths 
Fig. 10 displays the mean March climatological mixed layer
epths (MLD) of the Monthly Isopycnal and Mixed-layer Ocean
limatology (MIMOC) product and of the different CORE-II models.
he depth of the surface mixed layer is a particularly crucial
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Fig. 8. Vertical section of the mean temperature ﬁeld [ °C] between 70 °E and 110 °W along S1 for (a) PHC3.0 and (b–r) different CORE-II models and MMM. Starting point of 
S1 is at lon = 110 °W and lat = 70 °N. The left arrow in (a) is the location of the North Pole while the right arrow shows the St. Anna Trough. 
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s  component in the Arctic Ocean for physical, chemical and bio-
logical processes ( Peralta-Ferriz and Woodgate, 2014 ). Transfer of
heat and fresh water/salt across the air-ice-sea interface can be
signiﬁcantly affected by MLDs. The MIMOC ﬁeld is used instead of
PHC3.0 since the former includes the latest Ice-Tethered Proﬁlers
( Schmidtko et al., 2013 ). Recently, Timmermans et al. (2012)
used Ice-tethered proﬁler (ITP) measurements and computed the
mixed layer depths only in the Canadian Basin. Peralta-Ferriz
and Woodgate (2014) employed all available observational data
except ITP data to compute winter and summer MLDs in Arctic
basins. They showed that maximum MLD in winter is found in the
Barents Sea with values about 110 m. The MLD in the Eurasian
Basin is second deepest, while that in the Makarov Basin is the
third deepest (about 50 m). In the following, the MLD is set to the
depth where the density difference between the surface density
and the sub-surface potential density (referenced to the surface)
exceeds 0.125 kg m −3 . This deﬁnition is similar to that suggested
by Timmermans et al. (2012) . For the CORE-II models, we use 30
years of March (1978–2007) mean temperature and salinity ﬁelds
from the last cycle to compute the MLD ﬁeld. 
The interior of the Arctic Ocean has an observation-based MLD
of approximately 30 m ( Fig. 10 (a)). There are two strong convec-
tion regions in March in the climatology; (i) south of Svalbard with
MLDs in excess of 400 m, and (ii) in the Barents Sea the MLD ex-
tends essentially throughout the water column (around 300 m).aximum MLD in MIMOC is at the west of 0 ° longitude and close
o the ice-edge, west of Greenland. However, maximum MLD in
MM is at the east side of 0 ° longitude ( Fig. 10 (b)). This differ-
nce might be caused by an erroneously located sea-ice edge in
he models. All models except AWI-FESOM show deep MLDs south
valbard. Deep convection in this region coincides with excessive
oss of heat in the models. The excessive convection is likely re-
ated with improper physics in the models as mentioned in the
revious section. 
.4. Data assimilated MRI results 
The data assimilated results provided by MRI-A is in closest
greement with the climatological temperature ﬁeld at 400 m
epth ( Fig. 4 (n)). In this case, MRI-A captures the intrusion of the
tlantic inﬂow and has a reasonable representation of the Nordic
ea water properties. In addition, MRI-A is also in close agreement
ith the observed temperature distribution at the Atlantic inﬂow
nd the Arctic Ocean sections ( Figs. 9 (m) and 8 (m)). For the salin-
ty ﬁeld, the MRI-A model follows the PHC3.0 climatology in the
eep ocean, but with approximately 1 psu bias at the surface in
oth the Eurasian and the Canadian Basins. 
Overall MRI-A is, as expected based on the data assimilation
cheme, the model closest to the observed temperature ﬁeld. The
hort integration time (60 years) may contribute to this. Analysis
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Fig. 9. Vertical section of the mean temperature ﬁeld [ °C] at Section 2 in Fig. 1 for (a) PHC3.0, (b–r) the different CORE-II models and MMM. Starting point of S2 is at lon = 
17.5 °E and lat = 69 °N. The left arrow in all panels is the location of the Fram Strait while the right arrow shows the St. Anna Trough. 
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a  ndicates that biases tend to develop over time as seen from 300
ears simulations with the other models (see the supplementary
ovies). 
.5. Heat and volume transports at the Arctic Ocean gateways 
The Arctic Ocean receives water of Atlantic origin in the Fram
trait and across the Barents Opening, and water of Paciﬁc origin
n the Bering Strait. The outﬂow of water from the Arctic Ocean
akes place through the Fram Strait and the Canadian Archipelago.
ransport values vary dependent on the time period and the ac-
ual analysis of the available observations. The mass budget is not
ecessarily closed for the Arctic Ocean due to uncertainties in the
easurements as well as temporal variations ( Bezczynska-Möller
t al., 2011 ), and Curry et al. (2011) found that heat transport val-
es may differ if the mass transport is not properly closed. 
The following numbers are commonly cited for the mass trans-
orts: an inﬂow of about 2.0 Sv through the Barents Opening
based on measurements between 1997 and 2007, from Smedsrud
t al., 2013; Skagseth et al., 2008 ), and an inﬂow through the
ering Strait of 0.8 ± 0.2 Sv (1990–2007, from Roach et al., 1995;
oodgate and Aagaard, 2005 ). These two inputs are balanced by
 net outﬂow through the Fram Strait of 2.3 ± 4.3 Sv (1997–2007,
rom Schauer et al., 2008; Curry et al., 2011 ) and through the Davis
trait of 1.6 ± 0.2 Sv (2004–2010, see Curry et al., 2014 ). In the following we discuss the mean volume and heat trans-
orts and their temporal variations at the Arctic Ocean gateways.
he volume and heat transports are divided into two parts with
he convention that positive values imply ﬂow into the Arctic
cean and negative values imply outﬂow from the Arctic Ocean.
or the heat transport values, 0 ◦C is used as the reference temper-
ture. 
.5.1. Bering Strait 
Table 2 shows the mean and standard deviation of volume and
eat transports of the CORE-II models at the Bering Strait. All mod-
ls simulate transport into the Arctic Ocean (i.e., positive trans-
ort values). The multi-model mean volume transport (exclud-
ng MRI-A) is 0.99 Sv. Observational estimates indicate a ﬂow of
.8 ± 0.2 Sv ( Roach et al., 1995; Woodgate and Aagaard, 2005 ).
he GFDL-GOLD model has the weakest transport with 0.25 Sv,
hereas MRI-A, MRI-F and Kiel-ORCA05 have the strongest trans-
orts with 1.31 Sv. The multi model mean heat transport at the
ering Strait is 3.39 TW, with the weakest heat transports found
n FSU-HYCOM and GFDL-GOLD. In addition, the standard devia-
ion of the heat transport in GFDL-GOLD is much smaller than for
he other CORE-II models. 
Fig. 11 displays the temporal anomalies of the simulated heat
nd volume transports. All of the models show similar variations,
lthough the magnitude of the deviations differ, with GFDL-GOLD
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Fig. 10. March mean mixed layer depth [m] computed from (a) the MIMOC climatology ﬁeld and (b–r) last 30 years March mean of the different CORE-II models. 
Table 2 
The mean Bering Strait net volume and heat transports and the standard deviation of the annual mean time series. Positive values 
indicate ﬂux into the Arctic Ocean. The last 60 model years (1948–2007) are used in the analysis. MMM is the multi model mean. 
Model Mean volume transport [Sv] Standard deviation [Sv] Mean heat transport [TW] Standard deviation [TW] 
Observed 0.8 ± 0.2 0.6 to 1 
AWI-FESOM 1.05 0.09 3.49 1.85 
Bergen 0.83 0.05 3.34 1.23 
CERFACS 1.18 0.13 4.13 2.06 
CMCC 1.18 0.13 2.82 1.9 
CNRM 1.21 0.16 4.71 2.2 
FSU-HYCOM 1.01 0.12 0.83 1.6 
FSU-HYCOMv2 0.85 0.07 2.89 1.47 
GFDL-GOLD 0.25 0.02 1.16 0.4 
GFDL-MOM 0.66 0.06 3.86 1.23 
Kiel-ORCA05 1.31 0.14 5.48 2.51 
MOM0.25 1.17 0.11 2.41 1.69 
MRI-A 1.31 0.13 5.08 1.99 
MRI-F 1.31 0.12 4.93 2.05 
NCAR 0.76 0.08 3.56 1.41 
NOC 1.19 0.13 3.88 1.96 
MMM 0.99 0.09 3.39 1.49 
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B  showing the smallest amplitudes. Year-to-year variations are most
prominent, with very weak decadal-scale variations. The ﬂow
across the Bering Strait and CAA is largely controlled by the sea
surface height gradient across the gateways ( Peterson et al., 2012;
McGeehan and Maslowski, 2012 ). The common atmospheric state,
inﬂuencing the dynamic and thermosteric ocean states in similar
manners, are likely the reason for the similarity across the models.
5.5.2. Davis Strait 
The mean and standard deviation of volume and heat transports
at the Davis Strait are given in Table 3 . As expected, all models
show volume transport out of the Arctic Ocean at this location. The
multi model mean volume transport is −1 . 75 Sv. Cuny et al. (2005)
estimated a volume transport of −2 . 6 ± 1 . 0 Sv through Davis Strait
between 1987 and 1990, while Curry et al. (2014) estimated a
transport of −1 . 6 ± 0 . 2 Sv between 2004 and 2010. The weak-
est and strongest volume transports are found in GFDL-MOM and
the high resolution MOM-0.25, respectively. The multi model meaneat transport at the Davis Strait is 13.44 TW which is lower than
he observational estimates of 18 ± 17 TW by Cuny et al. (2005)
nd 20 ± 9 TW by Curry et al. (2011) . 
The temporal variations in the heat and volume transports
cross the Davis Strait are shown in Fig. 12 . In contrast to the
ering Strait transport, there is a strong decadal-scale signal in
he volume transport with increasing values from the 1950s to
he 1970s and decreasing values towards the end of the 1980s. All
odels show an increase in the volume transports since the early
990s. In contrast, there is no clear signal in the heat transport
merging from the model simulations. Lack of decadal signal in the
eat transport time series is caused by a compensating change in
emperature (relative to 0 ◦C) and the volume transport. 
.5.3. Barents Sea opening 
Based on available observations, Skagseth et al. (2008) es-
imate that the mean net volume and heat ﬂuxes through the
SO during 1998–2006 were 1.8 Sv and 48 TW, respectively.
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Fig. 11. Left: Anomaly of annual volume transport across the Bering Strait, unit is Sv. Right: Anomaly of annual heat transport across the Bering Strait, unit is TW. 
Table 3 
The mean Davis Strait net volume and heat transports and the standard deviation of the annual mean time series. Negative values 
indicate ﬂux out of the Arctic Ocean. The last 60 model years (1948–2007) are used in the analysis. MMM is the multi model mean. 
Model Mean volume transport [Sv] Standard deviation [Sv] Mean heat transport [TW] Standard deviation [TW] 
Observed −2.6 ± 1.0 to −1.6 ± 0.2 0.3 20 ± 9 to 18 ± 17 
AWI-FESOM −1.13 0.19 14.64 4.28 
Bergen −1.80 0.29 10.178 1.73 
CERFACS −2.45 0.46 13.91 2.51 
CMCC −2.19 0.43 14.65 2.28 
CNRM −2.64 0.48 20.37 3.06 
FSU-HYCOM −0.53 0.1 6.09 1.12 
FSU-HYCOMv2 −2.07 0.25 19.71 1.7 
GFDL-GOLD −1.23 0.18 11.09 1.41 
GFDL-MOM −0.51 0.09 11.09 1.47 
Kiel-ORCA05 −2.33 0.45 14.18 4.46 
MOM0.25 −3.12 0.69 17.05 3.36 
MRI-A −0.93 0.34 3.72 2.99 
MRI-F −0.70 0.26 8.73 2.75 
NCAR −1.53 0.14 13.44 1.43 
NOC −2.18 0.43 13.1 2.26 
MMM −1.75 0.27 13.44 1.39 
154 M. Ilıcak et al. / Ocean Modelling 100 (2016) 141–161 
1950 1960 1970 1980 1990 2000
−1.5
−1
−0.5
0
0.5
1
1.5
time [years]
A
no
m
al
y 
of
 to
ta
l v
ol
um
e 
tra
ns
po
rt 
[S
v]
 
 
MOM0.25
MRI−A
MRI−F
NCAR
NOC
1950 1960 1970 1980 1990 2000
−1.5
−1
−0.5
0
0.5
1
1.5
time [years]
A
no
m
al
y 
of
 to
ta
l v
ol
um
e 
tra
ns
po
rt 
[S
v]
 
 
AWI−FESOM
Bergen
CERFACS
CMCC
CNRM
1950 1960 1970 1980 1990 2000
−1.5
−1
−0.5
0
0.5
1
1.5
time [years]
A
no
m
al
y 
of
 to
ta
l v
ol
um
e 
tra
ns
po
rt 
[S
v]
 
 
FSU−HYCOM
FSU−HYCOMv2
GFDL−GOLD
GFDL−MOM
Kiel−ORCA05
1950 1960 1970 1980 1990 2000
−15
−10
−5
0
5
10
15
time [years]
A
no
m
al
y 
of
 to
ta
l h
ea
t t
ra
ns
po
rt 
[T
W
]
 
 
AWI−FESOM
Bergen
CERFACS
CMCC
CNRM
1950 1960 1970 1980 1990 2000
−15
−10
−5
0
5
10
15
time [years]
A
no
m
al
y 
of
 to
ta
l h
ea
t t
ra
ns
po
rt 
[T
W
]
 
 
FSU−HYCOM
FSU−HYCOMv2
GFDL−GOLD
GFDL−MOM
Kiel−ORCA05
1950 1960 1970 1980 1990 2000
−15
−10
−5
0
5
10
15
time [years]
A
no
m
al
y 
of
 to
ta
l h
ea
t t
ra
ns
po
rt 
[T
W
]
 
 
MOM0.25
MRI−A
MRI−F
NCAR
NOC
a
b
c
Anomaly of total volume transport at the Davis Strait
d
e
f
Anomaly of total heat transport at the Davis Strait
Fig. 12. Left: Anomaly of annual volume transport across the Davis Strait, unit is Sv. Right: Anomaly of annual heat transport across the Davis Strait, unit is TW. 
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BSO is 53.96 TW. Furthermore, the observation-based estimates indicate that the
volume (heat) transport dropped from ≈2 Sv ( ≈50 TW) to ≈1 Sv
( ≈30 TW) between 1998 and 2001. Thereafter both volume and
heat transports increased to 3 Sv and 60 TW, respectively, in
2003. Similar variations in the ﬂuxes (a decrease followed by
an increase) were observed in 2003 and 2006. Skagseth et al.
(2008) conclude that there has been a slight increase in the ocean
heat transport into the Arctic Ocean through the Barents Sea
since 1998. 
Mean volume and heat transports from the CORE-II models at
BSO are given in Table 4 . There are large differences in the magni-
tude of heat and volume transports across the models. All models
simulate a net eastward (into the Barents Sea) volume transport,
with the MMM volume transport across the BSO being 2.53 Sv. The
CNRM (FSU-HYCOMv2) model has the strongest (weakest) volume
ﬂux through BSO, mirroring the results from the Fram Strait since
the net eastward ﬂow is mainly a compensation for the net south-
ward ﬂow through the Fram Strait (see Section 5.5.4 ). All mod-
els have high negative correlations between the volume ﬂuxes atSO and at the Fram Strait (see Fig. 15 ; 10 out of 15 models have
orrelations r > 0.8, with the smallest and the largest value 0.64
nd 0.91, respectively). Observations suggest a similar relationship
 Rudels et al., 1994 ). 
Yearly anomalies of volume and heat transports through BSO
re shown in Fig. 13 . Although the mean volume transports dif-
er between the models, they all capture similar interannual to
ecadal variations, including similarities with the observed varia-
ions between 1998 and 2006. This holds for both the volume and
eat transports. There is an increasing volume ﬂux in some models
e.g., NCAR, GFDL-MOM, MRI-F, BERGEN, NOC) between 1970 and
007. The heat transport through the Barents Sea roughly doubles
ts value in these models. Despite model differences in the east-
nd westward heat transports across the BSO (not shown here), all
odels simulate a net increase in the transport during the last two
ecades. Some models (NCAR, FSU-HYCOM, FSU-HYCOMv2) have
eaker heat transports at BSO, possibly because of a weaker vol-
me transport. The multi model mean heat transport across the
M. Ilıcak et al. / Ocean Modelling 100 (2016) 141–161 155 
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Fig. 13. Left: Anomaly of annual volume transport across the Barents Sea Opening, unit is Sv. Right: Anomaly of annual heat transport across the Barents Sea Opening, unit 
is TW. 
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t  .5.4. Fram Strait 
Observation-based estimates by Schauer et al. (2008) and
ezczynska-Möller et al. (2011) between 1997 and 2006 indicate
 net southward transport of about 2 Sv, consisting of a southward
ransport across the Fram Strait of about 5–7 Sv and a northward
ow of about 3–5 Sv. Variations in the inﬂow, outﬂow and, no-
ably, recirculation within the strait, together with diﬃculties ob-
erving the ﬂow towards the sea-ice covered region off Greenland,
uts large uncertainties to these values ( Bezczynska-Möller et al.,
011 ). 
The mean Fram Strait volume and heat transports are provided
n Table 5 . The multi-model mean volume transport (excluding
RI-A) is 1.95 Sv, directed out of the Arctic Ocean. FSU-HYCOMv2
s the only model with a net northward volume transport (0.23 Sv)
hrough the Fram Strait. The NCAR, BERGEN and MOM-0.25 models
ave relatively weak total volume transports of about −1 Sv. Mean
otal transport in NOC, GFDL-GOLD, CERFACS, and AWI-FESOM is
round −2 Sv, and is thus in agreement with the observed, netransport. However, all models underestimate the observation-
ased northward and southward directional transports, typically
y a factor of two or more (not shown). Barrier et al. (2015)
escribed that the Fram Strait transport can be suppressed if
orth Atlantic Current is too zonal, leading to anomalously large
olume and heat transports between the Faroes and Scotland, but
ess total transport into the Nordic Seas. 
As mentioned, the transport values computed here might de-
end on the actual location of the section S1 ( Fieg et al., 2010;
ahn et al., 2012; Bezczynska-Möller et al., 2011 ) in comparison to
he amount and location of recirculation of the water masses in
he Fram Strait in the models. 
Yearly averaged time series of the anomalous volume trans-
orts in the Fram Strait are shown in Fig. 14 . Despite the common
ORE-II forcing protocol, the turbulent ﬂuxes, computed by bulk
ormulae, strongly depend on the simulated ocean and sea-ice
tates. Because of differences in these states, in addition to resolu-
ion and mixing dependent recirculation issues in the Fram Strait,
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Table 4 
The mean Barents Sea Opening net volume and heat transports and the standard deviation of the annual mean time series. Positive 
values indicate ﬂux into the Barents Sea. The last 60 model years (1948–2007) are used in the analysis. The observed values are based 
on transports provided by Smedsrud et al. (2013) . MMM is the multi model mean. 
Model Mean volume transport [Sv] Standard deviation [Sv] Mean heat transport [TW] Standard deviation [TW] 
Observed 2–2.3 0.8 to 2.9 70 ± 5 
AWI-FESOM 2.3 0.34 60.65 7 .17 
Bergen 2.32 0.49 51.48 9 .61 
CERFACS 3.26 0.57 43.6 10 .39 
CMCC 3.71 0.49 76.4 12 .17 
CNRM 4.55 0.42 54.07 12 .05 
FSU-HYCOM 1.49 0.43 20.07 5 .6 
FSU-HYCOMv2 0.88 0.52 18.61 5 .65 
GFDL-GOLD 2.81 0.32 68.54 10 .86 
GFDL-MOM 1.89 0.42 40.84 8 .93 
Kiel-ORCA05 2.21 0.51 56.94 9 .43 
MOM0.25 2.98 0.48 83.66 11 .64 
MRI-A 2.52 0.42 64.1 10 .15 
MRI-F 2.99 0.65 63.58 13 .65 
NCAR 1.46 0.54 35.86 8 .43 
NOC 2.73 0.61 64.42 13 .07 
MMM 2.53 1.06 53.96 21 .15 
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Fig. 14. Left: Anomaly of annual volume transport across the Fram Strait, unit is Sv. Right: Anomaly of annual heat transport across the Fram Strait, unit is TW. 
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Table 5 
The mean Fram Strait net volume and heat transports and the standard deviation of the annual mean time series. Positive values indicate 
ﬂux into the Arctic Ocean. The last 60 model years (1948–2007) are used in the analysis. The observed values are based on transports 
provided by Schauer et al. (2008) . MMM is the multi model mean. 
Model Mean volume transport [Sv] Standard deviation [Sv] Mean heat transport [TW] Standard deviation [TW] 
Observed −2.0 ± 2.7 0.3–0.47 26–50 
AWI-FESOM −2.3 0.36 20.05 5 .33 
Bergen −1.35 0.51 16.33 3 .96 
CERFACS −2.35 0.56 17.46 6 .38 
CMCC −2.71 0.58 18.14 2 .47 
CNRM −3.49 0.54 22.91 3 .05 
FSU-HYCOM −2.32 0.74 28.35 3 .01 
FSU-HYCOMv2 0.23 0.44 18.13 2 .01 
GFDL-GOLD −2.11 0.37 22.06 1 .93 
GFDL-MOM −2.19 0.43 28.65 3 .08 
Kiel-ORCA05 −1.55 0.57 21.75 4 .2 
MOM0.25 −1.13 0.61 44.02 8 .17 
MRI-A −2.94 0.57 13.82 4 .94 
MRI-F −3.63 0.66 27.82 3 .55 
NCAR −0.69 0.54 14.55 2 .99 
NOC −1.90 0.36 22.05 4 .92 
MMM −1.95 1.12 22.98 8 .35 
1950 1960 1970 1980 1990 2000
−1.5
−1
−0.5
0
0.5
1
1.5
time [years]
M
M
M
 to
ta
l v
olu
m
e 
tra
ns
po
rt 
[Sv
]
 
 
Bering
Fram
BSO
Davis
1950 1960 1970 1980 1990 2000
−15
−10
−5
0
5
10
15
20
time [years]
M
M
M
 to
ta
l h
ea
t t
ra
ns
po
rt 
[TW
]
 
 
Bering
Fram
BSO
Davis
b
a
Fig. 15. Top: Anomaly of multi model mean annual volume transport across the Arctic gateways, unit is Sv. Bottom: Anomaly of multi model mean annual heat transport 
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1  he various models may not simulate similar interannual variations
n the northward and southward volume and heat transports. 
Some of the temporal variations are, however, consistent across
he models. For instance, the models generally agree on a de-
line in the total transport between 1957 and 1961, and after 1988.
he models do not necessarily agree on the reason for this drop.
or the 1957–61 drop, NCAR simulates a decreasing northward
ransport while the southward transport is steady. On the other
and, the northward volume transport is steady in MRI-F with
he decline caused by a reduced southward transport. For the post
988 drop, Kiel-ORCA05, AWI-FESOM, FSU-HYCOM and GFDL-MOMhow steady or increasing northward ﬂows, whereas the remaining
odels show decreasing northward ﬂows (not shown). It should
lso be mentioned that NCAR shows very low ( 2 –3 Sv) northward
nd southward volume transports. Further investigation is required
o examine the underlying mechanisms for the somewhat diverg-
ng transports among the CORE-II models in the Fram Strait. 
The temporal evolution of anomalous annual heat transports at
he Fram Strait are shown in Fig. 14 . Available observation-based
stimates indicate a northward heat transport across the Fram
trait between 26 and 50 TW (relative to 0 °C) for the time period
997–2006, without any signiﬁcant trend ( Schauer et al., 2008 ).
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Fig. 16. (a, b) Model–model correlations for the volume and heat transport time series at the Fram Strait. (c, d) Model–model correlations for the volume and heat transport 
time series at the Barents Sea Opening. Low-pass ﬁltered and mean removed. A 7-year cutoff is used for the ﬁlters. Note that different color ranges are used. 
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a  The multi model mean heat transport at the Fram Strait of 22.98
TW is thus at the lower end of the observation-based estimate. 
A decreasing trend in the heat transport is found in CER-
FACS and possibly in NCAR as well. Although NCAR has a strong
warm bias, it still has reasonable heat transport at the Fram Strait
( ≈14.5 TW). This raises a question: How can the heat transport be
reasonable in warm-biased models? There might be two reasons
for this; (i) the weak northward and southward volume transports
in these models (low volume transports compensates for strong
temperature biases); and (ii) the vertical gradient of temperature. 
The other warm-biased models (i.e., GFDL-MOM, FSU-HYCOM
and MRI-F) have around 28 TW mean heat transport which is con-
sistent with the observation-based heat transport estimate. Across
all models, MOM-0.25 has the strongest averaged heat transport of
approximately 44 TW. The NEMO-based models and AWI-FESOM
have all mean heat transports of ≈20 TW. Likewise, the models
with very prominent cold biases, CNRM, BERGEN and GFDL-GOLD,
have mean heat transports that are not systematically different
from the other models. 
By examining directional components of heat transport at the
Fram Strait (not shown), two groups of models are identiﬁed based
on the southward heat transport: the ﬁrst group consists of mod-
els with negative southward heat transports (MRI-A, MRI-F, NCAR,
AWI-FESOM). The exported temperature across the Fram Strait is
above 0 °C in these models (warm-biased models). The second a  roup has a positive southward heat transport with the mean
outhward temperature below 0 °C (cold-biased models). 
Fig. 15 shows anomalies of the MMM volume and heat trans-
orts at the Arctic gateways. Compensation of volume transports
etween the Fram Strait and the Barents Sea Opening is clearly vis-
ble in Fig. 15 (a). The mean multi model volume transport anoma-
ies exhibit similar decadal variations to those seen in the individ-
al models especially for the Fram and Davis Straits and BSO. The
ariation in the volume transport is clearly smallest for the shallow
ering Strait, as expected. 
The most striking feature in the MMM heat transport anomalies
s the clearly increasing signal at BSO ( Fig. 15 (b)). Note that heat
ransport to the Arctic Ocean is maximum at this gate (54 TW at
SO compared to 40 TW in total for the other gates). The leading
ole of the BO heat transport implies an increased ocean input of
eat to the Arctic Ocean since the 1970s. The decreasing heat input
o the Arctic Ocean from 1948 towards the end of the 1960s might
e a consequence of the cyclic spin-up of the models ( He et al.,
016 ). 
.6. Transport variability between models 
A more quantitative assessment of the agreements and dis-
greements among the models in their representation of the heat
nd volume transports at the FS and BSO sections is provided in
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Cig. 16 , considering model-model correlations of the anomalous
mean removed) low-pass ﬁltered transport time series discussed
bove. We use a Butterworth ﬁlter with the same cutoff period of
 years used in Danabasoglu et al. (2016) to decompose the time
eries into their high and low-frequency components. 
Fig. 16 (a) and (b) shows the low-pass ﬁltered volume and heat
ransport time series correlations between the models at FS. For
he volume transport, the majority of the models are in agreement
n their representations of decadal variations. MOM-0.25 is the ma-
or outlier at this section, followed by NOC. Most of the models
how high correlations in volume transports at BSO ( Fig. 16 (c)).
ompared to the volume transports, the heat transports show gen-
rally lower correlations across the two sections ( Fig. 16 (b) and
d)). The latter is likely caused by differences in the mean state
ydrography between the models. 
. Summary and conclusions 
Simulations from 15 state-of-the-art ocean–sea ice models
riven by the CORE-II forcing protocol are analyzed. The main fo-
us is on the water masses, circulation features and ﬂuxes into/out
f the Arctic Ocean. Although all models are initialized from sim-
lar ocean states and are driven by the same atmospheric forcing
tate, we found that the models performed differently and had dif-
erent biases in terms of hydrography in the Arctic Ocean mean
tate. 
There is a large spread in temperature in the Arctic Ocean
etween the models, and also generally large differences com-
ared to the PHC3.0 observation-based temperature. Many of the
ORE-II models either have clearly warm (e.g., NCAR, GFDL-MOM,
OM-0.25, FSU-HYCOM and FSU-HYCOMv2) or cold (CNRM, Kiel-
RCA05,BERGEN, GFDL-GOLD and CMCC) biases in the interior of
he Arctic. Two physical processes are behind these temperature
iases. The ﬁrst factor is that AW is either warmer and more
idely spread or colder/less present in many of the models. Warm
ias models have, for instance, a strongly positive temperature
nomaly associated with the AW entering the Arctic Ocean through
S. The second factor is the volume and transport of cold and
ense waters formed on the eastern shelves in the models. In the
old bias models, excessive cold water forms in the Barents Sea.
his cold water ﬂows as a gravity current through the St. Anna
rough and erodes the Atlantic layer in the Eurasian Basin. Simi-
arly, lack of deep water formation and/or transport through the St.
nna Trough is clearly visible in the warm bias models. Note that
bservations indicate a St. Anna Trough volume transport of ap-
roximately 1 Sv ( Rudels et al., 2013 ). For comparison, the Mediter-
anean overﬂow has a mean transport of 0.7 Sv, spreading over
arge parts of the North Atlantic Ocean. Thus, to accurately model
he gravity currents in the relatively small Arctic Ocean domain is
n issue of prime importance. Furthermore, all models are saltier
han the PHC3.0 climatology in the upper 50 m of the Eurasian
asin. Below 50 m, only NCAR stays saltier than the observed, ver-
ical salinity ﬁeld. 
There is a large spread in the simulated mean transport through
S and BSO. The models agree more on the decadal variations, to
 large degree dictated by the common atmospheric forcing. For
he latter, the Fram Strait and BSO volume transports are nega-
ively correlated. Since the mid-1990s, the MMM volume transport
as decreased in the Fram Strait and increased in the BSO. For the
MM heat transports (relative to 0 °C), the decadal-scale varia-
ions are mainly governed by variations in BSO. For the latter, a
ositive trend is obtained starting from the early 1970s, implying
 net advective input of heat into the Barents Sea, but not neces-
arily into the Arctic Basin due to the strong winter cooling in the
hallow Barents Sea. We conclude that the CORE-II model study provides guidance to
nderstand the crucial biases in the Arctic Ocean. However, further
nvestigations are needed to identify and resolve the issues related
o these biases. For instance, poor representation of the North At-
antic Inﬂow can be due to subduction mechanisms in the Svalbard
egion or to ﬂow and/or hydrographic biases in the Norwegian At-
antic Current. The latter might be caused by unrealistic circula-
ion or representation of processes in the North Atlantic, far up-
tream of the Nordic Seas/Arctic Ocean (e.g., Hátún et al., 2005 ).
he cold water overﬂow being guided by the St. Anna Trough is
ot well represented in the ocean components of the current cli-
ate models. This can be due to unrealistic formation rates of
ense water masses on the shelves, the actual representation of
he bathymetry, different sea-ice models, lack of diapycnal mixing
n isopycnic models or excessive spurious mixing in geopotential
oordinate models. 
Improved representation of the Arctic Ocean, both its mean
tate and its variability, is likely as important for interannual-to-
ecadal predictions ( Goddard et al., 2013 ) as for climate projec-
ions. Although the CORE-II family of models show similarities in
he (temporal) ocean response to the prescribed CORE-II forcing,
his might be very different in a fully coupled system, particularly
or the Arctic Ocean with tightly coupled and highly non-linear
eat and momentum ﬂuxes at the air–sea ice–ocean interface. 
We should emphasize that some CORE-II models exhibit simi-
ar biases in the Arctic Ocean in their respective coupled climate
odels but other models do not. For example, the fully coupled
ersion of NCAR has the same warm bias and lack of deep water
ormation on the shelves to the CORE-II setup ( Danabasoglu et al.,
012 ). However, the fully coupled CMIP5 version of BERGEN has
ess cold bias in the Arctic interior compared to the CORE-II ver-
ion ( Bentsen et al., 2012 ). For BERGEN, this might be due to the
ctual grid setup since the rest of the model parameterizations are
nchanged. In the CMIP5 version, this model employs bipolar grid
hereas in the CORE-II simulations, tripolar grid has been used. 
The accompanying papers by Wang et al. 2016a; 2016b and the
outhern Ocean analysis of the CORE-II simulations by Downes
t al. (2015) and Farneti et al. (2015) illuminate the status of cur-
ent state-of-the-art ocean models in simulating the high-latitude
ceans. Despite the relatively small area of the polar regions, par-
icularly for the Arctic Ocean, these regions form an important part
f the global climate system, and thus for climate simulations of
he past, present and possible future climate states. It is our inten-
ion that the reported deﬁciencies and model spread might guide
orthcoming research, and eventually provide improved ocean and
ea-ice components in coupled climate models. One direct avenue
n this respect would be to explore the extent to which current
tate-of-the-art ocean models improve with increasing spatial res-
lution. 
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